A fully quantum-mechanical analysis is presented of the process in which an incident proton excites both a nuclear resonance and, by electron emission, also a hole in the Kshell which then decays by X-ray emission. The ratio of the intensities of the X-rays emitted before and after compound-nucleus decay is calculated (a) for the case of an isolated nuclear resonance, and (b) for strongly overlapping resonances. We show that in both cases the measured quantity is a branching ratio. The influence of the energy-resolution of the detectors, of the energy spread of the incident beam, and of the structure of the wave packets describing the individual particles in the incident beam is discussed.
Introduction
R6hl et al. [1] have recently carried out an experiment suggested originally by Gugelot [2] whereby the width of a nuclear resonance (or of a set of overlapping resonances) is measured by comparing it directly with the (known)width of an atomic resonance (a hole in the K-shell). The quantum-mechanical formulation of this process is not quite of the standard type, and the analyses performed so far [3, 11 have employed a rather intuitive mixture of classical and quantal arguments. In this paper we present an approximate but fully quantal description of the problem in which we use the dynamical independence of the atomic and nuclear degrees of freedom in an essential way. In the experiment, a proton ejects an atomic K-shell electron and also scatters inelastically from the target nucleus (charge Z) through a compound-nuclear resonance (we assume that direct inelastic scattering can be established experimentally as being negligible.) The experiment ascertains that the atomic and nuclear resonances are excited by the same proton by * Senior US-scientist Humboldt awardee. On leave from Department of Physics, University of Wisconsin, Madison, Wisconsin, USA ** On leave from Institute for Atomic Physics, Academia Sinica, Peking, China. Supported by DAAD, Bonn, FRG demanding a coincidence between the inelastically scattered proton, and the X-ray photon emitted in the L-K transition which fills the K-hole. In the experiment, photons of two different frequencies are seen: Those emitted from a K-hole state of nuclear charge (Z+ 1) (interpreted as being emitted when the compound nuclear resonance was still excited), and those emitted from a K-hole state of nuclear charge (Z) (interpreted as being emitted after the compound nucleus had decayed). The quantities actually measured are the areas under the two photon "lines", i.e., the total intensities of the two kinds of photons (coincident with the inelastically scattered proton) which we denote by iz+l and I z, respectively. The result of the measurement is the ratio R of the two coincidence rates, R = I z+ 1/IZ.
In this paper we answer the following questions: (i) How is R related to the widths of the two re- (iv) Which information on the compound nucleus is contained in R if the protons excite the compound nucleus in the energy domain of strongly overlapping resonances, rather than in a single isolated resonance? These questions are answered one by one in the sequel. Before we present this analysis, we point out that the essence of the answer to question (i) can be obtained from a simple and intuitive argument. Let us focus attention on the K-holes produced by the incoming protons only, and let us denote the total number of X-ray coincidences generated from nuclear charge states Z (Z + 1) by IZn (IZ~ + 1), respectively. To relate the ratio lz/l z+l -in,-in to the widths of the two resonances, we observe that the intermediate complex created by the incoming proton by excitation of both the atomic and nuclear resonances is itself a single resonance of the atom-nuclear system. This complex decays when either subsystem decays. To the extent to which we can neglect the influence of the dynamics of each subsystem on the other, the partial widths of the intermediate complex for decay into the totality of atomic decay channels and Of nuclear decay channels are simply the total widths F K of the K-hole and FcN of the compound nucleus, respectively. This yields immediately the branching ratio IiZn +1 F K iz n :rc ~.
We note that this argument does not involve time considerations, and is valid for a proton beam of infinitely sharp energy resolution. It will be made more quantitative in Sect. 2, where we also consider in passing the additional contribution to the coincidence rates generated by the production of K-holes by the outgoing protons. Questions (ii) and (iii) are answered in Sect. 3, question (iv) in Sect 9 4, while Sect. 5 contains a brief summary.
Isolated Resonance Excited by a Proton of Sharp Energy
We first focus attention on those processes where the incident proton creates the K-hole before forming the compound nucleus. The incident proton with energy E. ejects an electron with energy E~; creates a K-hole with energy E K and width FK, (which in turn decays by X-ray emission yielding a photon of energy E~); creates also a compound nuclear resonance with energy ECN and width FcN; and is emitted inelastically We choose the energy of the target nucleus plus atomic shell in their ground states with the incoming proton at zero kinetic energy to be zero. In writing the symbols E K and FK, we use an upper index Z or Z + 1 to identify the nuclear charge of the atomic resonance.
The transition amplitude for the process in which the K-hole decays before the compound nuclear resonance [CN)does, is denoted by Ti z+l and can be written as follows:
. (TlH, lK) z+l(E;_Ee ~z+e
Here, H~ and H~r denote the electromagnetic and the nuclear interaction, respectively. Matrix elements are indicated by brackets, the states appearing in the bra's and kets are labelled only by those symbols which are relevant 9 Equation (2) (2) is not based on lowest-order perturbation theory. It contains the information that the X-ray was emitted first in the way propagators and matrix elements are ordered, as one can verify by writing TiZ+l(t) as a time-ordered product and taking the Fourier transform; this expression of the time-sequences of events through the ordering of energy propagators is the essential point in our analysis. We note that the center propagator of (2) describes the intermediate complex (of width Fcy +F z+l) mentioned in the introduction. Put another way, we are assuming H=Hnu~l+Hatom , with no interaction between the two. If the atom, e.g., is excited to a state with energy EK, the nuclear Green's function is GN(Ev-EK). In the center factor of (2) we have made the energy-shift E K complex because the atomic state is unstable, and approximated GN(E ) by a single pole corresponding to our assumption that we are dealing with a resonance-dominated nuclear reaction. We have not paid any attention to the rearrangement of the atomic shell as the proton joins the compound nucleus which we assume to be instantaneous 9 The transition amplitude for the process in which the compound nucleus decays first can be written analogously, 
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